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a b s t r a c t

PN junctions are basic building blocks of many electronic devices and their performance depends on the
structural properties of the component layers and on the type and the amount of the doping impurities
incorporated.

Magnesium is the common p-type dopant for nitride semiconductors while silicon and more recently
germanium are the n-dopants of choice.

In this paper, therefore we analyze the quantitative limits for Mg and Ge incorporation on GaN and InGaN
with high In content. We also discuss the challenges posed by the growth and characterization of InGaN pn-
junctions and we discuss the properties of large area, long wavelength nanocolumn LEDs grown on silicon
(1 1 1) by PA-MBE.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nitride semiconductors containing indium have a direct band
gap spanning from 0.65 eV (InN) to 3.4 eV (GaN) [1]. This large
range in the band gap of InGaN alloys could allow the fabrication
of full-spectrum solar cells as well as long wavelength LEDs.

For device applications, controllable doping of InGaN is essen-
tial and requires the reduction of electron background due to
native and/or crystalline defects, especially in alloys with high
indium content. For this reason, the InGaN alloys have been subject
of sustained work targeting the synthesis of layers with high
crystalline quality and high indium fraction (430%) [2,3].

Even when high quality GaN substrates are available their use-
fulness for the growth of thick or high indium fraction (x430%)
InxGa1�xN layers is limited by the formation of misfit dislocations at
the InGaN/GaN interface.

As a result, the operation of the nitride devices is typically
hampered by the presence of threading dislocations originating at
these interfaces. One approach suggested for the mitigation of the
dislocation effects and for the control of the indium segregation in
InGaN alloys is the growth of nano-structured devices [4–6].

In this work we report a detailed study on Mg and Ge doping of
InGaN and describe the fabrication of large area green and yellow
InGaN nanocolumn LEDs on Si (1 1 1) substrates. Finally we

discuss the mechanism responsible for the reduction of the
electroluminescence intensity of these nanocolumn devices.

2. Materials and methods

The films were grown using 2 in. insulating GaN-on-sapphire
templates and the growth of GaN and InGaN films was initiated by
depositing 200 nm of nominally un-doped GaN, using a production-
style plasma-assisted molecular beam epitaxy system (PA-MBE).
The samples of GaN doped with magnesium were grown at 6051 C.
All InGaN films were grown at a substrate temperature of 5451 C,
except where indicate differently, using the same indium flux and
have a thickness of 300 nm. Mg cell temperature was increased
such that the equivalent beam pressure (BEP) at the sample surface
ranged from �1�10�9 Torr to 1.6�10�7 Torr. The light emitting
diode structures have been grown on 4 in. p-type silicon (1 1 1)
wafers. The typical structure is Si(1 1 1)/AlN/n-GaN/n-InGaN/p-
InGaN/p-GaN and the estimated thickness of the Ga containing
layers (n-GaN/NC-InGaN/p-GaN) is 300 nm/850 nm–1000 nm/
160 nm. During the growth of the nanocolumns In and Ga fluxes
were set for BEP 3�10�7 Torr, and 4�10�8 Torr respectively while
the Nitrogen plasma had a total flow of 18 sccm with an approx-
imate BEP of 1.4�10�4 Torr. The growth temperature for these
samples, at the substrate surface, was between 5151C and 5251C.

The composition and the thickness of the films were evaluated
by Rutherford backscattering spectrometry (RBS) and secondary
ion mass spectrometry (SIMS), while crystallinity of the film was
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evaluated using the ion channeling. Electrical properties of the films
were determined using Hall effect and electrochemical capacitance
voltage (ECV) measurements . Finally, optical emission from photo-
luminescence (PL) and the electroluminescence (EL) were measured
using an OceanOptics spectrometer.

3. Results and discussion

The properties of Mg doped GaN and InGaN films with indium
fraction up to 40% have been investigated. Normalized ion chan-
neling yield, χ has been used as a measure of the crystalline
quality. The effect of magnesium incorporation on the structural
quality of GaN films is presented in Fig. 1. The decrease of the
channeling yield at surface, in comparison with the channeling
yield at 500 nm, suggests the improvement of crystal structure
with the progression of growth. The comparison also indicates that
the differences in doping behavior that are seen in the mid region
(p&n) of the graph in Fig. 1 are not caused by crystal defects
whether buried or at surface.

Fig. 1 suggests that the crystalline perfection of the Mg doped
GaN degrades as the Mg concentration in the film increases.
Drastic degradation of the film crystallinity occurs at Mg concen-
trations of �6–7�1020/cm3. The plot also indicates that, for the
experimental conditions described, hole conduction can be achieved
and maintained up to a magnesium concentration of �2�1020/cm3.
This is in agreement with our previous report [7] that the p-type
conduction domain is followed by a sudden transition to
n-type conduction ensued around a Mg concentration of 7�1020/
cm3. The inclusion of new SIMS measurements in this data set
suggests that between 2�1020/cm3 and �6–7�1020/cm3 the
material conductivity, as measured by Hall method, can be domi-
nated by either electrons or holes as can be seen in Fig. 1.

The crystlline quality of the n-type samples in this region, as
suggested by the normalized ion channeling, appears to be similar
to p-type samples that have incorporated less Mg and therefore
does not seem to be the cause of the electron conduction. The
evolution of GaN crystallinity for one of these samples is presented
in Fig. 2.

At the interface with the insulating template, the film exhibits
increased lattice disorder that is reflected in the relative larger ion
channeling yield. As the growth advances the channeling yield
decreases in a linear fashion and the trend does not change with
the arrival of Mg at the growth surface. The mobility associated with
hole carriers has been found to be correlated with the Mg

concentration. The hole mobility can be modeled, with a good
correlation coefficient (R2¼0.885), by a power law of the impurity
density with a negative scaling coefficient (α¼�5.1). The correla-
tion between the hole mobility and the Mg concentration is an
indication of the origin of the p-type conduction with Mg ionization.
The measurements show that high hole mobility (10–12 cm2/V s) is
associated with the lower Mg concentration (2�1019/cm3) while
the hole mobility decreases (�2 cm2/V s) with the increase of the
magnesium concentration.

For the n-type samples, the electron mobility does not correlate
well with the increase of the Mg concentration suggesting that
extended defects originating in the Mg doping process rather than
point defects are responsible for the generation of the conduction
electrons. The large density of Mg in this growth regime could hamper
the nitrogen incorporation leading to the formation of nitrogen
vacancies (VN) and the formation of MgGa–VN complexes [8,9]. The
electron mobilities are in the range from 50 cm2/V s (5�1018/cm3-
Hall density) to 152 cm2/V s (1�1018/cm3-Hall density) for Mg con-
centrations larger than 3�1020/cm3. InGaN films with indium frac-
tions up to 40% as estimated by RBS have been grown and doped with
Mg and Ge. Channeling yield has been used to evaluate the crystalline

Fig. 1. Effect of magnesium incorporation in GaN as expressed by the ion
channeling yield. Mg concentration has been determined by SIMS. Low values of
the channeling yield are associated whit a low density of structural defects while
higher scattering rates result due lattice imperfections.

Fig. 2. Evolution of the GaN crystalline quality as expressed by the ion channeling
yield during the film growth and magnesium doping. Mg concen-tration has been
determined by SIMS.

Fig. 3. Effect of magnesium incorporation on the InxGa1�xN indium fraction and
crystalline quality, as reflected by the ion channeling yield.
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quality of the films, with and without Mg doping. The evolution of the
yield with the increase of the Mg concentration is presented in Fig. 3.

The incorporation of indium determines the degradation of the
InGaN film crystalline quality when compared with GaN, the ion
channeling yield being about one order of magnitude larger in the
case of InGaN films, whether measured at surface (0.2–0.26) or
400 nm below (0.37–0.46). The channeling yield therefore cannot
be used to accurately represent the effect of Mg incorporation. In
this case the magnesium incorporation limit has been determined
based on the competition between In and Mg for the group III
lattice site. This substitution is characterized by a threshold with
respect to indium incorporation, as can be seen in Fig. 3.

The determination of the electrical characteristics of the InGaN
films doped with Mg is challenging for a couple of reasons. On one
hand, Mg-doped layers are typically grown on top of thin un-
doped InGaN films that exhibit native n-type conductivity. The
relatively large defect density of the InGaN films with high indium
fraction (420%) ensures that the metal contacts used for the
fabrication of the Hall samples have a high likelihood to contact
both layers, p-type and n-type. This results in Hall measurements
where the mobility and carrier concentration reflect predomi-
nantly the n-type layer, since the contacts with this material are
usually ohmic.

On the other hand, for InGaN films with indium fraction larger
than 35% the Fermi level becomes pinned above the conduction
band edge and as a result electrons accumulate at the surface. The
conductivity measurement of such films will reflect mostly the
surface electron accumulation, obscuring to a large extent the
properties of the carriers in the bulk.

Germanium has been used as n-type dopant for both GaN and
InGaN layers. For these layers, we have determined the electron
concentration and mobility using Hall measurements. For both
GaN and InGaN we have found electrons concentrations in
the range from 1�1018/cm3 to 7�1020/cm3. At low electron

concentration the mobility in the films reaches the maximum
while with increasing carrier concentration, associated with
increased Ge incorporation, the electron mobility saturates and
converges for both films to values around 40 cm2/V-s.

The goal of analyzing the doping characteristics of the GaN and
InGaN layers was to allow the growth of p–n junction devices with
optimized properties. The presence of dislocations leads to a
decrease of the device performance, as represented by the external
quantum efficiency (EQE). Another factor contributing to the low
operation efficiency of the nitride devices is the charge polariza-
tion that leads to the quantum confined Stark effect (QCSE).

A possible solution attempting to overcome these detrimental
properties concerns the growth of nanocolumn based devices. The
nanocolumns growth can eliminate or reduce the density of misfit
dislocations [4], and suppress the effect of the polarization field if
the p-n junctions are fabricated along the radial direction that
coincides with the direction of non-polar III-nitride planes.

In this context, the catalyst-free growth appears as an attractive
alternative that allows the growth of high crystalline quality nitrides
with no need for substrate patterning. In Fig. 4, the schematic of the
structures grown is presented. The goal of the growth was three
fold: (1) to nucleate and grow InGaN nanocolumns, (2) to form pn-
junctions in InGaN by doping the upper side of the columns with
Mg, and (3) to grow a continuous p-type GaN cap layer that could
isolate the junction region from the device surface. The accurate
evolution stage of the nanostructures cannot be evaluated in-situ.
Therefore, to reach the goals of InGaN nanocolumn growth and of a
continuous p-GaN cap-layer, a series of samples have been grown
under identical growth conditions. For these samples the growth was
stopped at essential stages, as indicated by RHEED and schematically
represented in Fig. 4, to study the surface morphology. The surface of
the samples has been imaged by SEM and the pictures obtained for
each of these 3 stages are presented in Fig. 5.

Fabrication of nanocolumns using a catalyst-free approach resulted
in an average surface density, regardless of the cross-sectional size
column density of�23 μm�2 and the nanocolumns occupy approxi-
mately 76% of the growth plane surface. The estimated diameters of
the nanocolumns range from �100 nm up to �300 nm. The majority
(64%) of them have cross-sections that can be approximated by circles
with diameters between 150 nm and 200 nm and if the diameters up
to 300 nm are included the proportion of nanocolumns in this range
reaches 90%.

The predominance of the diameters between 150 nm and
200 nm suggests that the lateral growth is limited and most of
the material is deposited along the c-axis of the nanocolumn
which is expected for the nitrogen-rich PA-MBE growth. This
observation is in agreement with the model proposed by Foxon
et al. [10]. For the case of our structures another mechanism is
obvious. As the diameter of the nanocolumns increases, the space
available between the columns decreases to the point where the
arrival of the precursors is impeded by a shadowing effect.

Fig. 4. Schematic of the main growth steps of the nanocolumn LED. (a) Nucleation and
development of the InGaN nanocolumns, (b) start of the nanocolumn coalescence,
(c) fully coalesced GaN:Mg cap layer.

Fig. 5. InxGa1�xN nanocolumn: scanning electron microscope (SEM) top view of the nanocolumns during the growth of the device. (a) InGaN:Mg nanocoulumns, (b) start of
the GaN:Mg nanocolumn coalescence, (c) fully coalesced GaN:Mg cap layer.
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Two different samples have been used to measure the electro-
luminescence. The EL intensity for the two structures is presented
in Fig. 6(a). In Fig. 6(b) the emission of large area (5�5) mm, green
LED is presented at low and high current. At low current the
columnar emitters are visible (top).

Although the current injection characteristics were the same
for the two structures, it is noticeable that the intensity of the
yellow LED is reduced by almost 40% when compared to the
intensity of the green LED. The decrease of the emission intensity
has been known to occur in correlation with the increase of the
indium fraction in the quantum wells of the GaN/InGaN LEDs [11].

While most of the work has been focused toward the mitigation
of the carrier separation in the quantum wells (QCSE), the reduction
of the polarization through the use of non-polar substrates has not
provided the desired advance. More recently, the use of strain
compensation techniques have allowed the achievement of larger
than 1W light power output [12]. However, the external quantum
efficiency for these structures has remained below 3% demonstrating
the conversion process inefficiency.

It has been demonstrated that the density of the threading
dislocations is a factor in the degradation of the light emission
efficiency in GaN [13]. The resilience of the III-nitrides to the
presence of dislocations with densities in the range from
108 cm�2 to 1010 cm�2 is due in large part to the potential
barriers separating the surface of these dislocations from the
bulk of the semiconductor volume, either n-doped or p-doped.
Excited carriers can overcome the barriers (Ee¼0.55 eV,
Eh¼0.9 eV) under light excitation and this behavior has been
manifested and studied as photoconductivity. The presence of
external bias and injection charges at the surface of the disloca-
tions can also alter the band bending and the width of the barrier.
However, the strongest effect on the barrier height is associated
with the increase of indium fraction in InGaN, as can be seen
from Fig. 6(c). In n-type GaN the conduction band edge is pinned
above the Fermi stabilization level (EFS) and a thin region at the
surface is depleted from electrons [14]. The increase of the
indium fraction reduces gradually the barrier height such as at
�35% indium fraction the relative energy of the conduction band
coincides with the Fermi stabilization level and the flat band
condition is reached. For InGaN with indium fractions larger than
35% the conduction band edge is pinned below the Fermi level
(EFS), allowing electrons to accumulate at the material surface.

We speculate that this gradual reduction of the potential barrier
at the InGaN surface is responsible for the increase of the leakage

currents in InGaN p–n junctions and is the mechanism that governs
the gradual reduction in the external quantum efficiency of the light
emitting diodes (LEDs) with the increase of the indium fraction in the
active region. This phenomenon is also known as the “Green Gap”.
The emission wavelength corresponding to 35% indium fraction is
�583 nm, located in the yellow band of the visible spectrum.

4. Concluding remarks

The quantitative limits of Mg and Ge doping of GaN and InGaN
have been explored and the effect of impurity incorporation has
been evaluated with respect to the impact on material crystalline
quality, carrier mobility and carrier density. For the case of InGaN,
the competition between In and Mg determines the upper limit for
p-type doping. We have found that for Mg fluxes larger than
1�10�7 Torr (BEP) corresponding to Mg volume density of
more than 3�1021 cm�3 indium incorporation has been largely
prevented.

InGaN nanocolumn p–n junctions were grown on silicon (1 1 1)
using a buffer layer of n-AlN/n-GaN and p-GaN as cap layer. The p–n
junction were located in the InGaN column volume. The coalescence
of the p-GaN layer has been successfully employed for the separation
of the metal deposition from the p–n junction region. The electro-
luminescence of these structures has been measured with wave-
lengths of 535 nm (green) and 593 nm (yellow). The intensity of the
yellow LED has shown a decrease of almost 40% when compared
with that of the green LED.

We propose that the EQE decrease associated with the increase
of the In fraction in the active region of LEDs, known as the “Green
Gap”, is determined by the decrease of the energy barrier
separating the surface of threading dislocations from the volume
of the semiconductor structure. Our assertion is based on indirect
evidence obtained performing photovoltaic experiments and on
the calculated position of the band gap edges with respect to
Fermi stabilization energy.
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Fig. 6. InxGa1�xN nanocolumn LEDs: (a) electroluminescence at room temperature, (b) low current and high current optical view of a 5�5 mm LED, (c) energy with respect
to vacuum of the conduction and valence band edges, as a function of InxGa1�xN composition.
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